Literature data are collated for 38 stripped-envelope core-collapse supernovae (SE SNe; i.e. SNe IIb, Ib, Ic and Ic-BL) that have good light curve coverage in more than one optical band. Through the use of bolometric corrections provided in previous work, the bolometric light curve of each SN is recovered and a template bolometric light curve for each SN subtype provided. The peak light distributions and decay rates are investigated; SNe subtypes are not cleanly distinguished in this parameter space, although some grouping of types does occur and there is a suggestion of a Phillips-like relation for most SNe Ic-BL. The bolometric light curves are modelled with a simple analytical prescription and results are found generally to agree well with those of more detailed studies on individual SNe. The distributions of the explosion parameters shows the extreme nature of SNe Ic-BL in terms of their 56 Ni mass and the kinetic energy of the explosions, however ejected masses are similar to those of other subtypes. The ability of SNe Ib and Ic to synthesise similar 56 Ni masses to the most luminous SNe Ic-BL, alongside the similarity in ejected masses, indicates that these parameters in the exploding core do not dictate the emergence (or not) of broad-lines. SNe Ib and Ic have very similar distributions of all their explosion parameters, indicating a similarity in progenitors. SNe IIb are the most homogeneous subtype and have the lowest average values for 56 Ni mass, ejected mass, and kinetic energy. Ejecta masses for each subtype and SE SNe as a whole are inconsistent with very massive stars for all but 3 SNe. The remaining SNe having an ejecta mass distribution described very well by more moderately massive progenitors residing in binaries, indicating these are the dominant (∼ 90 per cent) progenitor channel for SE SNe.
INTRODUCTION
Core-collapse supernovae (CCSNe) are the endpoints of massive stars. The observable signatures of these very luminous events exhibit strong heterogeneity, with several main subtypes existing amongst further, poorly known or peculiar events. The main classifications are made based on spectral information. Type II SNe (SNe II) exhibit strong, long-lasting hydrogen features in their spectra with type ⋆ E-mail: J.D. Lyman@warwick.ac.uk Ib SNe (SNe Ib) being hydrogen deficient and type Ic SNe (SNe Ic) being hydrogen and helium deficient.
1 Intermediate to this broad Ibc/II division are type IIb SNe (SNe IIb), with SN 1993J as the prototypical example of this class. SNe IIb initially show the strong hydrogen features that warrant a SN II classification, but subsequently evolve as a SN Ib after a period of one to a few weeks (see Filippenko 1997, for a review of the spectral classification of SNe). A further designation of 'broad-line' (BL) is attached should the observed spectra reveal very large velocities for the ejecta (although there is no exact value for the dividing velocity, BL is generally assigned when a substantial fraction of the ejecta has velocities above that of ordinary SNe Ib/c, i.e. > ∼ 14000km s −1 ). SNe Ic-BL have gathered much interest in recent years given their association to long-duration gammaray-bursts (GRBs; see Hjorth & Bloom 2012 , for a review). The lack of detected GRBs coincident with some SNe Ic-BL, such as SNe 2002ap (e.g. Gal-Yam, Ofek & Shemmer 2002) , 2003jd (Valenti et al. 2008 ), 2009bb (Pignata et al. 2011 ) and 2010ah (Corsi et al. 2011; Mazzali et al. 2013) , would suggest relativistic jet formation is not required to power BL SNe; although the case of associated off-axis GRBs is possible (Mazzali et al. 2005) , for one event the geometry of the explosion makes this a less favourable scenario (Pignata et al. 2011) . SNe IIb, Ib, Ic and Ic-BL are considered stripped-envelope SNe (SE SNe) since they display little to no hydrogen, indicating a massive hydrogen envelope is not present at the point of explosion, in contrast to SNe IIP.
The various observable signatures of CCSNe are linked to the state of the progenitor star upon explosion. The retention or not of a massive hydrogen envelope is dependent on the amount of mass loss the progenitor experiences during its lifetime. Higher mass stars or stars in binary systems are expected to be able to shed their outer envelopes (and therefore explode as SE SNe), either via intrinsically high mass loss rates for very high mass stars, or enhanced mass loss due to a binary companion for more modest mass stars. Metallicity and rotation of the progenitor are also likely to increase the mass loss, and hence the observed SN. Observationally, SNe II are seen to be explosions from stars at the lower end of the massive star range (∼ 8 − 16 M⊙; see Smartt 2009 , for a review), which have not suffered sufficient mass loss to remove their hydrogen envelopes. The tentative detection of a high mass star (MZAMS ≃ 30 − 40 M⊙) as the progenitor of the SN Ib iPTF13bvn (Cao et al. 2013; concurred with the idea of a mass sequence for CCSNe, with more massive star being able to shed their outer envelopes, however the very recent works of Fremling et al. (2014) and Bersten et al. (2014) argue against a single very massive progenitor, and favour a binary origin with a lower mass progenitor. The introduction of binaries as the progenitors of at least a fraction of SE SNe, as backed up observationally (for SNe IIb, e.g. SN 1993J) and theoretically (e.g. Podsiadlowski, Joss & Hsu 1992; Podsiadlowski et al. 1993; Maund et al. 2004; Eldridge, Izzard & Tout 2008; Smith et al. 2011; Claeys et al. 2011; Eldridge et al. 2013; Bersten et al. 2014) would act to wash out any clear distinction between the masses of the progenitors, by allowing much more modestly massive stars to be stripped of their envelopes and making the binary parameters the dominant influence on the observed SN type. The current understanding of mass loss from massive stars is encompassed in the review of Smith (2014) , which includes a discussion of recent SN studies that favour the majority of SE SNe arising from binaries, with single, very massive Wolf-Rayet stars contributing a small fraction at most. This is consistent with studies showing most massive-stars are expected to have some form of interaction (mass transfer, merging etc.) with a companion during their evolution (e.g. Sana et al. 2012) ; this binary companion is also likely to be a massive star (Kobulnicky & Fryer 2007; Sana & Evans 2011) , exacerbating the dearth of truly single very massive stars.
Direct detection studies in archival imaging can reveal the properties of the SN progenitor (e.g. Van Dyk, Li & Filippenko 2003; Smartt et al. 2004; Li et al. 2007; Gal-Yam & Leonard 2009; Van Dyk et al. 2012; Maund et al. 2011; Fraser et al. 2011 Fraser et al. , 2012 , but only for a very limited number of events. The requisite proximity of the SN and existence of pre-explosion deep, high-resolution imaging of the SN location restrict qualifying SN numbers severely and currently there is no confirmed progenitor detection of a SN Ib, Ic or Ic-BL (e.g. Maund & Smartt 2005; Crockett et al. 2007; Eldridge et al. 2013) . Because of this, other methods of SN investigation have provided new and complementary insights due to the much larger samples that can be obtained. Analysis of the hosts of SNe (e.g. Arcavi et al. 2010; Svensson et al. 2010) , the environments of SNe within their hosts (e.g. Anderson & James 2008; Kelly & Kirshner 2012; Anderson et al. 2012) , the stellar populations surrounding SNe (e.g. Williams et al. 2014 , and references therein), and SN rates (e.g. Li et al. 2011; Smith et al. 2011 ) all provide alternate means of probing the underlying progenitors populations and investigating differences in age, metallicity etc. between the subtypes. Results providing constraints on the ages/masses of SNe, generally to point to a mass sequence of increasing (average) initial mass for the SN subtypes of II → IIb → Ib → Ic → Ic-BL, albeit with significant overlap in the mass ranges. Rates of SE SNe compared to SNe II appear too high to only arise from the most massive stars, when considering the stellar initial mass function (IMF).
The luminous transient signature of a SN is also a rich source of information about the exploding star, as well as obviously informing on the manner of the explosion itself. Spectra are required in the first instance to type the SN, and, alongside spectral modelling codes (e.g. Mazzali & Lucy 1993) and long term monitoring, they can be use to infer the structure and stratification of the ejecta and reveal bulk parameters of the SN with good precision (e.g. Mazzali et al. 2007b Mazzali et al. , 2013 Shivvers et al. 2013) . As well as spectral information, the bolometric light curve of a SN is a useful tool for determining the nature of the explosion itself, and is used to correctly scale spectral analyses. Unlike host galaxy/environmental analyses, study of the luminous transient signature from SNe is a time critical analysis. In order to properly infer the properties that led to the observed explosion, quick photometric and spectroscopic follow-up must occur (and continue for several months to tightly constrain models). Given the large SN discovery rates currently made possible by dedicated transient surveys (e.g. PTF and iPTF, Pan-STARRS , SkyMapper, La Silla-QUEST), such intense monitoring can only be afforded to a select few of the most interesting and observationally favourable events. This has meant a trade-off exists between studying individual objects with large data sets, or investigating a large number of SNe with poorer follow-up (e.g. Hamuy 2003; Drout et al. 2011 ). Cano (2013 addressed this issue by rescaling optical light curves of SNe Ib/c, Ic-BL and gamma-ray burst-SNe (GRB-SNe) based on their relative peak brightness and light curve width to SN 1998bw, a very unusual SN. These rescaled light curves provided a means to model other SNe by scaling the explosion parameters found from modelling of SN 1998bw; the assumption being made that all SNe in the sample evolve spectrally and photometrically in a similar manner to SN 1998bw. It was found that SNe Ib and Ic are very similar in their explosion properties, with SNe Ic-BL and GRB-SNe exhibiting larger explosion energies and higher ejected masses, pointing to a different progenitor channel for these SNe.
Here we utilise a method that allows a SE SN to be modelled utilising only two-filter optical follow-up and a peak-light spectrum. The bolometric corrections (BCs) to core-collapse SNe of Lyman, Bersier & James (2014, hereafter LBJ14) are used to provide a consistent, robust and accurate method of creating fully bolometric light curves for a large number of SE SNe from their optical colours. An analytical model (Arnett 1982; Valenti et al. 2008 ) is used to provide estimates of the bulk parameters of the explosions, fitted to each SN individually, which discern the nature of the progenitor system upon explosion.
Section 2.1 introduces the SN sample and data, Section 2 describes the method of creating the bolometric light curves and the analytical method employed. Results are then presented and discussed in Sections 3 and 4 respectively.
METHOD

SN sample and data
Bolometric corrections to all SNe (SE and SNe IIP) are presented in LBJ14. The spectral energy distributions of a sample of literature SNe with ultra-violet, optical and near infrared coverage (with corrections for flux outside the observed wavelength regime) were integrated and correlated with optical colours of the SN, to provide an accurate (rms < 0.1 mag) method of determining the bolometric light curve of a SN with a polynomial fitted to optical colour. Since a method of creating bolometric light curves from just optical colours has been formulated, the creation of bolometric light curves is now not limited to those SNe with extended photometric coverage, but rather is possible for any SN with coverage in just two optical bands. Additional to this, distance and reddening determinations are needed in order to convert to luminosity and correct for the effects of dust.
The sample consists of literature SE SNe that have good light curve coverage in at least two bands from which to construct a colour, which is in turn used to derive the BC. Here the requirement of 'good' coverage refers to capturing at least the peak of the light curve (and preferably epochs on the rise) and at least several epochs within the next ∼60 days, extending at least 15 days past peak. Additionally, an optical spectrum near peak is required. We restrict our SNe to low redshift in order to avoid the need for Kcorrections (see LBJ14). The sample consists of 9 IIb, 13 Ib, 8 Ic and 8 Ic-BL. The SN IAU names, types, reddening values, distance moduli (to host) and colour(s) used for the BCs are presented in Table 1 .
Photometric data were extracted from the literature for SNe in the sample (see references in Table 1 ). The same methods of light curve dereddening and interpolation were employed as in LBJ14, in order to obtain values of simultaneous observations in the chosen filters, which give the colour. Extrapolations were not used for this analysis. The reddening-corrected values of the chosen colour (see Table 1 ) were then fed into the BC polynomial fits of LBJ14 in order to recover the bolometric light curve. Some SNe were observed in a combination of Johnson-Cousins and Sloan optical filters -new BCs for these combinations were calculated following the method and data of LBJ14, the parameters for these new fits can be found in Table 2 , with the corresponding fits for SNe II also presented for interest.
The resulting BC was then applied to the appropriate SN light curve (e.g. for colour B − I, the BC is applied to the B-band light curve). Using the distance modulus we can convert m bol to M bol and finally to L bol . For clarity in plotting, nearly contemporaneous data have been combined by averaging any epochs within 0.2 days of each other.
The results provide the largest sample of bolometric light curves for SE SNe thus far, on which a simple analytical model can be applied, in order to extract estimates for the explosion parameters.
The analytical model
The analytical model used is that of Arnett (1982) , updated by Valenti et al. (2008) , and is appropriate for SE SNe, where the light curve is powered predominantly by the decay of 56 Ni (i.e. excluding interacting SNe). The light curves of SE SNe were analysed with a theoretical perspective by Clocchiatti & Wheeler (1997) , from which parts of the model of Valenti et al. (2008) derive. The model describes the evolution of a SN over the early photospheric phase (the first 1-2 months, depending on the evolution-speed of the SN) and the nebular phase. The bolometric output is described by the model, and as such the model should be fitted to a bolometric light curve, with an additional constraint required in the form of a characteristic velocity of the ejecta (Section 2.2.1). From this simple analytical fitting, estimates of the mass of nickel synthesised (MNi) and the mass and kinetic energy of the ejecta (Mej and EK, respectively) can be found and readily compared to those obtained from more detailed modelling of the same SNe.
Naturally an analytical approximation requires some simplifying assumptions. These are listed in Arnett (1982) ; Valenti et al. (2008) , with brief discussion given here (see also discussion in Cano 2013).
• The radius of the star at the onset of explosion is very small (appropriate for SE SNe progenitors, which have radii ∼ R⊙, up to ∼ 10 R⊙ at most, but see Yoon, Woosley & Langer 2010) .
• Homologous expansion with spherical symmetry (V ∝ R). SE SNe show evidence for some degree of asphericity of the ejecta, as gleaned from double-peaked nebular emission features (Maeda et al. 2008 ).
• A constant opacity (κopt). In reality this is dictated by the density and composition of the ejecta, and should therefore evolve with time. Here, κopt is set to be 0.06 cm 2 g −1 (Maeda et al. 2003; Valenti et al. 2011 ).
• Centrally concentrated 56 Ni. The amount of mixing will Modjaz et al. (2014) , are used. c Galactic extinction only. d The V − R correction was used for the rise to peak, with V − i used for the peak and decline. e The B − V correction was used for early Swift data, with B − I used for subsequent ground-based data.
References: (1) Richmond et al. (1994) ; (2) affect the rise time of the SNe since radiation from highvelocity (i.e. further out in radius, given homologous expansion) 56 Ni will have a shorter diffusion time (Maeda et al. 2003; Dessart et al. 2012; Piro & Nakar 2013) . 3D modelling has shown that a small fraction of high-velocity 56 Ni is not uncommon in SNe, although the bulk is generally located close to the centre (e.g. Hammer, Janka & Müller 2010) • The decay of 56 Ni and 56 Co power the light curve. These radioactive isotopes represent the main source of energy of a SE SN, dominating the luminosity evolution for many months.
In the analytical model, data are fitted over two regimes, the photospheric and nebular phases (see Valenti et al. 2008 , appendix A). Maeda et al. (2003) , however, note a discrepancy between the parameters derived from their modelling of the two phases of evolution for some SE SNe. They interpret this as a difference in the optical depth of the ejecta that is contributing in each regime and use a model where the SN is made up of two distinct regions. During the early, photospheric phase, the outer layer contributes to the luminosity of the SN. Additional to this is a much denser inner component whose contribution to the luminosity only emerges once the outer layer becomes optically thin -during the nebular phase. Using this twocomponent model, Maeda et al. (2003) find much better fits to the observed light curves of a sample of SNe Ic-BL. Incorporating this two-component model into the above modelling scheme manifests itself as two free parameters: fM and fE, the fractions of mass and energy respectively within the inner dense component.
2 The initial fit to the photospheric phase constrains the masses and kinetic energy in the outer layer, which are then fixed for the nebular phase fit, where the additional contribution from the inner component is fitted for using fM and fE. Very early data are not included in the fit, since the assumptions in the model are not appropriate (e.g. exclusively 56 Ni and 56 Co powered emission). The fitting of the analytical functions to the light curve data was done via the curve fit function in scipy.
Scale velocity of SNe
A fitted parameter in the model, which is determined by the light curve width, is
Here β ≃ 13.8 is a constant of integration and Λ = 10/3 (Valenti et al. 2008 ); see Cano (2013) for a discussion of the choice of Λ and its impact on the derived parameters. As is clear, the determination of τm leaves a degeneracy between Mej and EK. This is resolved by including a scale velocity for the SN, which observationally is set as the photospheric velocity at maximum light (v ph ). The relationship between the photospheric (scale) velocity and the parameters Mej and EK takes the form:
SNe exhibit strong P-Cygni line profiles in their spectra due to the fast moving ejecta. This causes absorption that is blue-shifted by the velocity of the absorbing material relative to the rest wavelength of the spectral line. Due to the stratification of the ejecta and homologous expansion, elements towards the outer layers of the ejecta (e.g. helium and calcium) can exhibit large velocities compared to heavier, more centrally concentrated elements. Two elements that appropriately trace the photospheric velocity are silicon and iron, with Si ii λ6355 and the Fe ii set of lines clustered around 4500-5200Å generally used.
Practically, the measurements of v ph consist of a simple Gaussian fitting procedure to the absorption features of a wavelength-and flux-calibrated spectrum of the SN taken on or near peak, obtained from WISeREP (Yaron & Gal-Yam 2012) 3 and Modjaz et al. (2014) , performed in the IRAF package splot. This was initially attempted for Fe ii lines (Fe ii λ4924, Fe ii λ5018, Fe ii λ5169), before averaging to obtain a value of v ph . In the case where Fe ii lines could not be accurately measured (e.g. strong line blending or no spectral coverage at those wavelengths), the Si ii λ6355 feature was measured. When data were not available, literature values were used. These were typically found using a similar Gaussian fitting technique or through spectral fitting. Measurements from this simple Gaussian-fitting method were found to agree well with those from detailed spectral fitting codes in the cases where a comparison was possible. Both methods have uncertainties of ∼ a thousand km s −1 . Such errors arise from the data quality as well as the broadfeatured characteristic of SNe spectra at maximum lightvelocities of at least several thousands of km s −1 , as is seen for CCSNe, make line blending an issue and it is often the case that one cannot attribute a single absorption feature to one specific transition. Similarly, nearby emission from other transitions will also impact on the shape of the absorption feature, affecting the Gaussian fit and, ultimately, the photospheric velocity derived. Finally, in the absence of appropriate data or literature value for a SN, as was the case for SN 2005kz, v ph was taken to be the mean v ph for the SN's type from the rest of the sample. The average v ph values are presented in Table 5 . Branch et al. (2002) provide a power law fit to their estimates of v ph values for SNe Ib (as determined from Fe ii lines), with the value at peak,∼ 9000 km s −1 , being in good agreement with the average SN Ib v ph of 9900 km s −1 found here, given the uncertainties. The values of Mej and EK derived for SN 2005kz using this average v ph are clearly susceptible to a larger systematic uncertainty, but 56 Ni masses are unaffected.
RESULTS
Bolometric light curves
The bolometric light curves are presented in Fig. 1 . The time and peak of each light curve (t peak and M peak , respectively) were found with a low-order polynomial, fitted to data around peak. The diversity of SE SNe becomes apparent from these plots. A roughly continuous spread over ∼ 3 magnitudes is observed in M peak ; interestingly, two SNe Ib encompass the extremes of the spread, ranging from SN 2007Y at
This spread in M peak is similar to that found by Drout et al. (2011) in their V -and R-band light curves when considering the overlapping sample. It should be noted that the photometry of SNe taken from Drout et al. (2011) may be systematically brighter than the intrinsic brightness of the SN since host-subtraction is not performed (Bianco et al. 2014 ), however we include only the better-observed examples from their sample here, which appear more in agreement with host-subtracted photometry (Bianco et al. 2014) , and remove very late time data for SNe 2004dn and 2005mf, where flattening of the light curves was observed. As such, we consider this potential contamination to not significantly affect results or discussion.
The decline rates of the sample vary greatly; the speed of the evolution is parameterised by ∆m 15,bol , which is the number of magnitudes from peak the bolometric light curve has declined by 15 days after peak (values were found from polynomial fits to the light curves). SN 1994I, despite being often cited as a 'prototypical' SN Ic, has unusually fast evolution, as has been previously noted, with ∆m 15,bol = 1.37 calculated here. SN 2011bm displays the slowest evolution, with ∆m 15,bol = 0.20. The evolution speeds appear to form a continuum, as is evident from the bottom panel of Fig. 1 , although SNe 1994I and 2011bm are noticeably displaced from the extremities of the distribution. Perhaps unexpectedly, a XRF-SN, SN 2010bh, is exceeded only by SN 1994I in terms of speed of evolution. This extremely fast evolution was noticed by Cano et al. (2011) and Olivares et al. (2012) , but is highlighted here when compared to many other SE SNe. Such fast evolution is at odds with the perception of GRB/XRF-SN progenitors/explosions being massive/energetic when considering the analytical form of SE SN light curves (Eq. 1). The ∆m 15,bol values here are similar to the spread of preliminary values found for V -rand i-bands by Bianco et al. (2014) (see also Walker et al. 2014) , whereas the values they find for bluer (redder) filters are systematically larger (smaller) than the average value for the bolometric light curves, indicative of the relative decline rates of these individual bands when compared to the bolometric light curve. No statistical distinction of the various subtypes can be made in ∆m 15,bol , as was shown for the Vand R-band by Drout et al. (2011) .
To investigate any possible correlation between light curve peak and width in SE SN bolometric light curves, ∆m 15,bol values are plotted against M peak in Fig. 2 . There appears to be a dearth of bright, slowly evolving and fastand-faint SN, but the Spearman's rank coefficient (0.633) is not significant enough to reject the case of no correlation. There appears to be no reason why bright, slowly evolving SNe would be missed in surveys compared to quicker evolving events at similar luminosities, and it may indeed indicate that events such as SNe 2005kz and 2011bm are intrinsically rare.
5 Conversely, fainter, quickly evolving SNe are most likely to have been missed from detection (particularly prior to peak, which is one of the criteria imposed on this sample). As this is a literature based sample, the selection effects cannot be analysed beyond these qualitative statements. However, the literature-based nature of the sample would also mean that any peculiar SNe that may inhabit these unusual regions of parameter space would be likely to be included since unusual events tend to be amongst the best observed.
It is clear the various SN types do not inhabit exclusive regions of this parameter space, although some clustering of SNe IIb and SNe Ic-BL (with two exceptions) occurs. All SNe IIb in the sample occur within a small region of roughly average evolution speed and have modest-to-low peak magnitudes when compared to the entire sample. The decline rates of SNe IIb were noted to be distinct from the more slowly declining SNe IIP and IIL in the R-band by Arcavi et al. (2012) , and indeed found to be similar to those of SNe Ib and Ic. This is confirmed here for the bolometric light curve decline rates also. SNe Ic-BL are all luminous when compared to the rest of the sample with the exception of SN 2002ap, and all have fast evolution with the exceptions of SNe 2002ap and 2005kz.
Template bolometric light curves for SE SNe are presented in Fig. 3 , with dashed lines showing the median value and the coloured regions the standard deviation. The data for these templates are presented in Table A1 with the phases being relative to the peak of L bol . These were found by sampling interpolations of the bolometric light curves and calculating the median and standard deviation of those SNe with a light curve covering that particular phase. (This explains the somewhat erratic nature of the medians, especially at late times, since it is generally only based on a few events and is susceptible to large changes when including or excluding a given SN from neighbouring data points.) The templates reveal notable outliers in each case, emphasising the heterogeneity of events even in these well-established SN types. Figure 1. Bolometric light curves of SE SNe (top). The peak-normalised light curves are also displayed (bottom). Error bars are indicative of the uncertainty of the BC only, which is found by taking the uncertainty in the colour and translating that as an error on the BC fits. Distances, for example, will be a source of uncertainty in the top plot. 
Photospheric velocities
The v ph values are presented in Table 3 . These values were used to break the degeneracy in EK and Mej, arising from Eq. 1, by using Eq. 2. Velocity determinations were found to agree well with literature values that were determined from both the Gaussian-fitting technique and also spectral modelling. A correlation based on the V -band magnitude and v ph 50 days after explosion was found for SNe IIP by Hamuy (2003) , whereas no correlation of v ph with peak L bol was found in the analysis of SE SNe here (this is discussed in Section 4.4 in the form of MNi against v ph ). Additionally, no correlation between v ph and light curve width (∆m 15,bol ) was found here. The previously noted fast evolution of the SN Ic-BL 2010bh still allows for a large EK value when reconciled with its huge v ph (∼ 30000 km s −1 ). Note that SN 2007uy was found to have a high v ph , on the border of BL regime, however the spectrum analysed was taken 3 days prior to peak and therefore has a more uncertain lower limit (as discussed later), and is thus considered a SN Ib in this study.
Explosion parameters
The results of the analytical modelling are given in Table 4 and some example fits are shown in Fig. 4 . Behaviour shortly after the photospheric phase is generally not well described by the assumptions in either the photospheric or nebular model, which is shown particularly for SNe 2007gr and 2011dh in Fig. 4 . Therefore data used to constrain the nebular model do not begin immediately after the photospheric data points. SN 2005bf was a very unusual event that displayed a double-humped light curve. There have been various models proposed for the SN with different energy sources powering the second, brighter hump. Among these, 56 Ni decay Fremling et al. (2014) with linear interpolation to get velocity at t peak .
a Approximate phase measured relative to the bolometric light curve peak of spectrum used to measure v ph .
b No value of v ph could be measured or was available in the literature. The average v ph for the SN type was used (see Table 5 ).
has been proposed, and, given the high peak luminosity, Tominaga et al. 2005) . However, Maeda et al. (2007) , from nebular spectral modelling, find that < ∼ 0.08 M⊙ of 56 Ni was synthesised, inconsistent with a 56 Ni-powered explanation for the second peak. Here, the analytical model was used over the first 'precursor' hump, which reveals a 56 Ni mass (MNi ∼ 0.09 M⊙) that is in good agreement to the value derived from nebular spectral modelling. This strengthens the finding by Maeda et al. (2007) that the first hump is indeed powered by the 56 Ni synthesised in the explosion, but also that the second hump has some other power source (e.g. magnetar, Maeda et al. 2007 ).
As may be expected, explosion parameters found here agree broadly with those in the literature where the same analytical model was applied to the SN (e.g. Taubenberger et al. 2006; Valenti et al. 2008; Benetti et al. 2011; Pignata et al. 2011; Drout et al. 2011; Taubenberger et al. 2011; Valenti et al. 2011; Olivares et al. 2012; Cano 2013; Roy et al. 2013 ). This modelling could take the form of either a direct fitting of the model, as is done here, or scaling relations for the peak and width (τm) of the light curve and appropriately scaling the values of a better-studied SN by assuming similarity in the other properties of the explosion. Given the often differing choices of Λ, κopt and v ph employed by various authors, as well as variations arising from the time-scales over which the data were fit, the agreement between the results is reassuring, as it shows the method is not overly sensitive to such uncertainties. However, since here truly bolometric light curves are being modelled, some differences from previous modelling on pseudo-bolometric light curves is to be expected. Most notable was an increase in the derived MNi found for the SNe. Since MNi is intrinsically linked to the peak of the bolometric light curve, this is naturally explained by the light curves presented here accounting for flux that was not accounted for in previous modelling (primarily the ultra-violet and infrared regimes). The relatively large uncertainties in the determinations of Mej and EK, coupled with the less straightforward effect that the BCs have on the width of the light curve compared to a pseudo-bolometric light curve, makes any offset in these parameters less obvious. Indeed the parameter ranges found here had generally a large overlap with those previously published and as such there appears to be, at most, an effect from the BC on these parameters that is at a level beyond the precision of this modelling scheme.
As mentioned in Section 2.2, the findings of Maeda et al. (2003) indicate that modelling of the nebular light curve is required to determine accurately the contribution of the inner, denser region of the ejecta. This manifests itself as the parameters fM and fE. For the cases where direct modelling could not determine fM and fE due to a lack of data in the nebular phase, the average value for the same SN type was used instead. Therefore, all further discussion of explosion parameters relates to the total values.
When considering uncertainties on the values, it is difficult to quantify the systematic uncertainties per object a priori. With more detailed modelling, aspects such as the asphericity, 56 Ni mass distribution and κopt can be constrained, but these are unknown for the majority of the SNe presented here. The errors quoted therefore reflect random errors arising from various observables and parameter choices.
6 The value primarily affecting MNi is the distance determination. Literature uncertainties were used (see references in Table 1 ), or, where no literature value existed, the spread in the distance modulus determinations for the host, as given in the NASA/IPAC Extragalactic Database (NED), was used. Additionally, SNe 2006T and 2006ep have more uncertain upper limits, found by assuming that they suffer the median E(B − V ) host of the sample. Mej and EK are susceptible to uncertainties arising from a number of sources. One such source is the uncertainty on v ph . The errors on v ph were found by taking into account both intrinsic uncertainties in the fitting method (∼1000 km s −1 ) as well as accounting for the fact that not all spectra were directly observed at peak. For example, a v ph determination before peak could overestimate v ph at peak and similarly underestimate it for a determination after peak. Therefore v ph values derived from spectra before (after) peak had an additional component to the lower (upper) error budget. The power law of Branch et al. (2002) (v ph ∝ t −2/(n−1) , where n = 3.6) was used as a gauge of the size of this potential offset from the v ph at peak, with a fiducial peak time of 20 days. Fe ii and Si ii lines were assumed to trace v ph . Errors on the v ph values of SNe that were assigned the average v ph for their type were taken to be 2500 km s −1 . Additionally the choice of κopt directly affects the ratio of Mej/EK for a given τm (Eq. 1). The choice of constant opacity is a limitation of this simple modelling scheme, whereas, as mentioned previously, this is seen to evolve with time, as shown by spectral modelling. We take a 20 per cent uncertainty in our choice of κopt = 0.06 cm 2 g −1 in order to reflect this uncertainty on our fitted values. Finally, the analytical model must have an initial starting time, t0, which affects the value of τm that is fitted and also MNi. Where appropriate (e.g. in the case of GRB-SNe), this additional uncertainty did not factor since t0 is known. Where t0 was very poorly constrained, the model was manually fitted for a variety of τm values where the model still reasonably reproduced the observed light curve. The range of τm used for each SN are shown in Table 4 . Uncertainties on the parameters arising from the above errors were added in quadrature and are given in Table 4 .
Also presented in Table 4 are values for the explosion parameters determined for the SNe as found by more detailed spectral or hydrodynamical modelling. It should be noted that these values just encompass the ranges of preferred values or are the best-guess of the modelling, and generally do not include uncertainties arising from, for example, the distance. On the whole, given the simplifications inherent in the analytical model, the agreement is very good and thus the analytical prescription provides an inexpensive method to obtain population statistics for SNe. There are some notable departures between the two methods (for example, the EK value of SN 2006aj derived here is larger than that found from spectral modelling, possibly due to the choice of v ph as the ejecta were not particularly asym- 
SN 2009bb
Figure 4. Some examples of the fits found when modelling the bolometric light curves with the analytical prescription. Data points in blue indicate those that were used in the fitting routine for the photospheric phase, red data points show the data that were used in the nebular phase, black data points were not used in the fitting routine. The photospheric and nebular fits are shown as the blue and red lines respectively. From top to bottom: IIb, Ib, Ic, Ic-BL, with an example of more poorly constrained fits on the left and exemplary fits on the right. metric Mazzali et al. 2007a ). The average values for each SN type are shown in Table 5 , for each explosion parameter we find an increase in the average value along the sequence IIb → Ib → Ic → Ic-BL, although the spread of values within each subtype is generally large. A fit to M peak and MNi values found from this modelling is presented in Fig. 5 , with the best-fitting relation given by:
The rms of MNi values around the fit is 0.075 M⊙. This is analogous to the relations presented in Perets et al. (2010) and Drout et al. (2011) , here in terms of the bolometric luminosity.
SN type distributions
With a sample of explosion parameters for many different SNe, the statistical distribution as a function of SN type can be investigated. This was initially done by plotting the cumulative distributions of the parameters for each type (Fig. 6 ). This figure highlights the extreme nature of SNe Ic-BL in MNi and EK. SNe Ic-BL are hugely more energetic than any of the other subtypes (the least energetic SN Ic-BL has an EK value similar to the most energetic of any of the other subtypes), and also have much larger MNi values on average, although it should be noted that SNe Ib and Ic can reach such high MNi values even though the bulk have much lower values. However, Mej distributions do not distinguish SNe Ic-BL from other SE SNe clearly. SNe Ib and Ic are indistinguishable in all three parameters. There appears to be a hint that SNe IIb favour lower values of MNi and EK cf. SNe Ib and Ic, whereas their Mej values do not show this.
The two-sample Kolmogorov-Smirnov test (K-S test) was applied to each pair of SN types to ascertain the probability (p value) that the two samples are drawn from the same parent population, where a small p value indicates that it is statistically unlikely the two samples are explained by a single population. The results of the K-S test are given in An important caveat to consider when regarding comparison between the parameter distributions is that the sample was drawn from literature events. As such, many selection and observational biases are intrinsic to its creation. For example, it may be that we are skewing the MNi distribution for SNe Ic-BL by preferentially including bright SNe Ic-BL (i.e. high MNi) as SNe Ic-BL appear intrinsically rarer in the very local universe than the other subtypes, whose distributions would therefore be less affected . Such caveats motivate a similar study on a more homogeneously created sample of SNe to further investigate the initial distribution comparisons of this study.
DISCUSSION
The results of this study provide for the first time a large sample of bolometric light curves of SE SNe, with which the nature of the explosions of various SNe types has been investigated.
Bolometric light curves
The bolometric light curves of SE SNe are diverse in M peak and ∆m 15,bol within each subtype and as a whole. Plotting the width and peak of each light curve indicates that early bolometric light curves alone cannot be used to reliably distinguish between SE SN types (Fig. 2) . Properties such as colour evolution remain a more promising avenue for distinguishing SE SNe in the absence of spectral information (e.g. Poznanski et al. 2002; Bianco et al. 2014 ) -a scenario that will be probable for the vast majority of SNe discovered by future SN surveys. The apparent M peak -∆m 15,bol inverse correlation for SNe Ic-BL (excluding SNe 2002ap and 2005kz) in Fig. 2 is akin to the suggestion of a possible Phillips' relation (i.e. brighter SNe have wider light curves, Phillips 1993) for GRB-SNe that is discussed in Schulze et al. (2014) . Any possible relation will merit study as the sample of such events grows (as well as investigating the reasons behind outliers, should a relation present itself). Three of the events that appear to sit along the supposed relation did not show evidence of an associated high energy component (2003jd, Valenti et al. 2008 2007ru, Sahu et al. 2009 2009bb, Pignata et al. 2011 , although strong radio emission suggests the presence of relativistic material in this SN, Soderberg et al. 2010 ). 
Explosion parameters
The results of the simple modelling presented here agree well for the majority of events where more detailed analysis has been performed to extract explosion parameters. MNi values found by this study are generally larger, due to bolometric light curves are being used here, which account for significant amounts of flux that can be missed in studies based on pseudo-bolometric light curves. The latter may cover only a few thousandÅ around the optical regime and thus only account for ∼ 50 per cent of the true bolometric flux (see LBJ14). Although substantial uncertainties are inherent in this analytical model, one must bear in mind these results require just two-filter optical observations of the SNe and a single spectrum (compared to multi-band UV/optical/NIR photometry and at least several epochs of spectral coverage, required for more detailed modelling), making this is an inexpensive method to dramatically improve the current statistics of explosion parameters for various SN types. The bolometric light curve creation method used (LBJ14) also appears robust to all well-observed SE SNe thus far and hence no large uncertainties on the results are being introduced through its use (for example, the typical error in a host distance modulus is larger than the < ∼ 0.1 mag rms on the BC fits). Even so, it is imperative that detailed modelling of SNe with much larger data sets continues apace. This is required not only for the intrinsic in-depth knowledge of SN explosions such studies afford, but also to act as a basis for assessing the consistency of coarser methods such as this for the future of data-starved SN studies, especially when including increasing samples of unusual events. An interesting result is the similarity between SNe Ib and Ic in each of the parameters explored. The SNe are similar (or have significant overlap) in their bulk properties, i.e. the exploding cores of these SNe have similar masses and produce explosions with similar amounts of EK and MNi. Exploding pre-SN stars producing SNe Ib must include a significant mass of helium. Assuming the lack of detected helium in the spectra of SNe Ic is due to a lack of a significant helium envelope mass, this would mean the carbonoxygen (CO) core mass will be lower for a SN Ib with the same Mej as a SN Ic. Since CO core mass increases with zero-age main sequence (ZAMS) mass of a progenitor, it follows that the ZAMS mass of a SN Ib would be expected to be lower than that of a Ic, for equal Mej. The apparent similarity in the Mej distributions shown here would then hint towards lower CO core masses (and thus lower ZAMS mass) for SNe Ib compared to Ic. However, the amount of helium required to produce a SN Ib spectrum may be only ∼ 0.1 M⊙ (Hachinger et al. 2012) , furthermore, the absence of helium lines in the observed spectra of SNe Ic may not be due to a lack of a helium envelope; helium is excited nonthermally, meaning mixing of the radioactive material with helium is also required to produce strong lines in the resulting spectra. Considering these caveats to the argument and the uncertainties on our Mej values, the distributions cannot be used to rule conclusively on any potential mass sequence (or lack of) in the ZAMS masses of SNe Ib and Ic.
Despite the modest sample sizes (from a statistical viewpoint), the SNe Ic-BL manifest themselves as very different in two of the three explosion parameters determined here. Their MNi and EK values are statistically different (both being much larger on average) than the distributions of any of the other SN types. However, unlike the EK distributions, where the least energetic SN Ic-BL is more energetic than all of the IIb, and >70 per cent of Ib and Ic, the largest MNi masses of SNe Ic-BL are matched by those of SNe Ib and Ic. Furthermore, the Mej values of SNe Ic-BL appear similarly distributed to those of other SNe types. It appears the presence of broad lines is not a certainty when a large amount of MNi is synthesised (since we see SNe Ib and Ic with comparable MNi), and thus the peak brightness is not a uniquely determining factor. Additionally, although the high velocity nature of SNe Ic-BL naturally implies a large EK/Mej ratio (Eq. 2), these large EK/Mej ratios are occurring at very similar Mej values of the other SN subtypes (SNe Ic-BL are indistinguishable from the individual or combined IIb/Ib/Ic distribution), favouring an energy source that is decoupled from a dependence on the mass of the exploding core.
The role of binaries as SE SNe progenitors
The question of whether massive single stars or binary systems are the progenitors of SE SNe is an area of active debate. The value of Mej for a SN can be used to infer the nature of the progenitor system, by comparing to results from stellar evolution models. The Mej values for each SN type were summed over the probability density functions of the Mej values of individual SNe (assuming gaussian errors) and normalised to give overall probability density functions for the SN types and entire sample. These functions are presented in Fig. 7 . A strong peak is observed for each type at Mej ∼2-3 M⊙. All but three of the sample have Mej and 0.02). We compare this observed distribution to the stellar evolution models used in the binary population and spectral synthesis (BPASS) code (Eldridge, Izzard & Tout 2008; Eldridge & Stanway 2009) . 8 The single star models in this set give no Mej values larger than 5 M⊙. The spread of Mej values for stars of 20 M⊙ < Minit ≤ 150 M⊙ are shown in Fig. 7 -note although these seem low compared to some of the high Mej SNe, these are conservative estimates, as discussed later, meaning the distribution is likely to extend to larger Mej masses. Similarly large Mej values for single stars were found by , who show for a initial progenitor mass of ∼ 30 M⊙, a SN Ib/c has ≃ 7 − 8 M⊙ of material beyond the remnant mass upon explosion. One must invoke more moderately massive progenitors in binary systems in order to reproduce the observed Mej values. Binary models from the BPASS code with initial primary masses of 8 to 20 M⊙ produce Mej values that agree with the range of the observed distribution (Fig. 7) . More massive progenitors evolving in binaries converge on similar Mej values as single stars. Thus, although large Mej events such as SN 2011bm cannot be distinguished as residing in a binary or not from this analysis, the probability density functions show that moderately massive (8 M⊙ ≤ Minit ≤ 20 M⊙) binary progenitors are not only a necessary progenitor channel for each SE SNe type, but also that they dominate; only ∼8 per cent of our sample could be considered as compatible with WR ejecta masses. Such a result is in agreement with the findings of Eldridge et al. (2013) . Furthermore, the selection effects associated with discovering and characterising SNe should make these high mass events For very massive stars (dashed lines), the additional energy allows more of the core to be ejected during the explosion, increasing the average M ej and spread. This distribution is a good match to the high M ej tail of the observed M ej distribution (Fig. 7) , however contributes a much larger fraction of all SNe than is observed (see text).
favourable to observation (i.e. broad light curves) compared to the narrower, faster-declining SNe with lower-mass progenitors. This gives confidence that a population of high mass progenitor SNe are not being missed from the current SN survey strategies. The model Mej values for the more massive stars shown in Fig. 7 are conservative estimates. These were found using a canonical SN explosion energy of 10 51 ergs. However, this is rather modest compared to most SN, which exhibit a few to several ×10 51 ergs (Fig. 6 ). The effect of increasing the unbinding energy by a factor ten is shown in Fig. 8 for a range of binary models over all masses. This has little influence on the lower mass progenitors where the ejecta mass is roughly that of the final mass minus 1.4 M⊙ for each energy used, and the spread of Mej values from the models remains in good agreement with the observed peak around 2-3 M⊙. For more massive stars, the extra unbinding energy is able to liberate more of the outer core, reducing the size of the compact remnant (the effect is qualitatively the same for single massive stars). An unbinding energy of 10 52 ergs produces a spread of Mej values that is in good agreement with our observed high Mej events, although we only have a sample of three such SNe, and dilutes the strong peak at Mej ∼ 7 M⊙, which is not observed. In order to determine the fraction of SNe producing each bin of Mej, the models were weighted by the IMF (Kroupa 2001) . As can be seen, this treatment predicts that high Mej events constitute a larger fraction of events that the observed distribution; for Mej > 5.5 M⊙, the integrated observed probability density function is 12 per cent, whereas the 10 52 ergs models predict 35 per cent. Thus, although the spread of model Mej values are good representations of the observed distribution, the quantitative divide between low and high Mej events is inconsistent with expectations from the IMF, something must act to suppress the observability of SNe from progenitors that would otherwise produce large Mej explosions. Fallback SNe, in which little or none of the mass is ejected or direct collapse to a black hole for very massive pre-SN progenitors could be possible solutions (e.g. Woosley 1993; Fryer 1999; Heger et al. 2003; Fryer et al. 2009 ). This discrepancy will warrant further investigation with even larger observed samples and improved modelling.
One may expect low Mej systems to be more abundant, given some proportionality between the initial mass of the star and the exploding core mass, and considering the shape of the IMF. For example, many more stars with final core masses of ∼ 2 M⊙ (producing Mej ∼ 0.6 M⊙) are produced per galaxy than stars with final core masses ∼ 4 − 5 M⊙(producing Mej ∼ 2.6 − 3.6 M⊙). This is in contrast to our observations of a strong peak for SE SNe at Mej ∼2-3 M⊙ and a dearth of low Mej values, < ∼ 1 M⊙ (Fig. 7) . However, a second binary mass transfer episode can occur in the later stages of stellar evolution, i.e. after the progenitor star has lost its outer hydrogen-rich envelope (which is removed during the first binary mass transfer episode) and becomes a He-star. This mass transfer can occur during helium core or shell burning for low mass Hestars, which would otherwise ostensibly produce a CCSNe (Habets 1986 ) -this can prevent an explosion and instead result in a sub-Chandrasekhar mass CO white dwarf (e.g. Delgado & Thomas 1981; Law & Ritter 1983; Dewi et al. 2002) . He-stars with M > ∼ 4 M⊙ do not grow to a 'red giant' phase and do not undergo this mass transfer (Paczyński 1971; Delgado & Thomas 1981; Law & Ritter 1983) . The more restrictive mass range in which a low mass He-star can retain a core mass above the Chandrasekhar mass after undergoing mass transfer would explain the lack of low Mej values found here, and the peak at Mej ∼ 2 − 3 M⊙ is then attributed to more massive He-stars (few-several M⊙), which do not undergo this mass transfer. Additionally, low mass He-stars are formed from stars with ZAMS masses at the low end of the range for a CCSN. It is very difficult to remove the hydrogen envelope in such low mass stars under normal circumstances (see Eldridge et al. 2013) , and they would therefore explode as hydrogen-rich SNe, and thus not form part of this sample by definition.
Explosion parameter correlations
The parameters derived from the modelling are plotted against each other in Fig. 9 . The bulk of SNe IIb, Ib and Ic appear to form a fairly tight correlation in the Mej-EK plot, this is a result of the similar v ph values they exhibit (which, in turn, gives the Mej/EK ratio). Conversely, SNe Ic-BL, which can have very high velocities (Table 3) , are found at larger EK/Mej ratios, as dictated by Eq. 2. Some splitting of SNe Ic-BL occurs with the 'hypernova branch' (i.e. very high Mej and EK values, e.g. Mazzali et al. 2013 ) being populated by SNe 1998bw and 2005kz, whereas other SNe Ic-BL sit at similar Mej values to other SN types, but with higher EK values. SN 2011bm appears as an intermediate member of the hypernova branch in these plots, despite displaying very modest velocity, with v ph = 9000 km s −1 . In this case the huge explosion parameter values found were due to the extremely slow evolution of the SN (Valenti et al. 2012 , Fig. 2) , and could point to an alternative signature of the explosion of a very massive star, perhaps without the angular momentum to produce an accretion-disk powered jet. Although SN Ic-BL Mej values have a similar distribution to those of other SE SN types, their MNi values (barring SN 2002ap) are much higher, indicating the production of MNi is much more efficient in these explosions.
SNe IIb appear to be the most homogeneous subtype of SE SNe as evident from the clustering of their bolometric light curve properties (Fig. 1 ) and explosion parameters (Fig. 9) . This may be a result of a much more restrictive progenitor range, which is required in order to give rise to such a fine-tuned balance on the border between SNe I and II (e.g. Yoon, Woosley & Langer 2010) .
Hamuy (2003) show a correlation of increasing EK with MNi for SNe IIP, to a weaker extent this is also found for SE SNe. Although there is a large amount of scatter and SN 2005hg is a prominent outlier, a correlation between MNi and EK can be seen in Fig. 9 , no highly energetic, MNi deficient events are seen. Similarly, a correlation between MNi and v50 (v ph at 50 days after explosion) was shown for SNe IIP by Hamuy (2003) , which was found to extend to under-luminous SNe IIP by Spiro et al. (2014) . Fig. 10 shows the analogous data for SE SNe, with the velocity here being defined as that at peak light (note that only SNe with a directly measured v ph are included). There appears to be no strong dependence of MNi on v ph , and indeed the average behaviour of the SNe IIb, Ib and Ic looks flat in v ph over a wide range of MNi values.
4.5 The progenitors of SNe Ic-BL and GRB-SNe SN Ic-BL and GRB-SN have been suggested to be more massive (younger) than their lower velocity counterparts (e.g Larsson et al. 2007; Raskin et al. 2008; Svensson et al. 2010; Sanders et al. 2012; Cano 2013) . Unfortunately, the sample of confirmed GRB-SN to which this method is applied is limited to three low-redshift events, SNe 1998bw, 2006aj and 2010bh. Notwithstanding having only three objects in the sample, when extracted from the SN Ic-BL sample, they appear inconsistent with SNe IIb, Ib and Ic distributions in MNi and EK values (K-S test reveals p ∼ 1 − 2 per cent), but cannot be distinguished in Mej. They also cannot be distinguished from the remaining SN Ic-BL sample (5 events). Of the complete SN Ic-BL sample, the two events with the most extreme EK values are SNe 1998bw and 2010bh, both GRB-SNe, whereas Mej and MNi values of the GRB-SNe are more typical of the underlying SN Ic-BL distribution. Mej values of SNe Ic-BL/GRB-SNe and SNe IIb, Ib and Ic, are indistinguishable, indicating SNe Ic-BL/GRB-SNe have similar exploding core masses as other SN types, unless a large fraction of the core mass is not being ejected due to fall-back onto a compact remnant in SNe Ic-BL/GRB-SNe. A complication of disentangling GRB-SNe is the prospect of off-axis jets, which would be missed; although radio detections can inform on the presence of strongly relativistic material (e.g. SN 2009bb, Soderberg et al. 2010 ) and potentially infer an off-axis jet, current detection limits, the prospect of other radio-emitting mechanisms, and the overlap between relativistic and non-relativistic SN radio light curves currently makes this very difficult (Bietenholz et al.
IIb (9) Ib (13) Ic (8) Ic-BL (8) Figure 9 . Derived explosion parameters (M Ni , M ej and E K ) of literature SE SNe are plotted against each other. Data are given in Table 4 . SNe are colour-coded according to their type. 2013). Additionally, a GRB-SN is likely to be more aspherical owing to the presence of the relativistic, beamed jet (cf. model assumptions in Section 2.2).
Other studies of GRB-SNe that have extracted explosion parameters have found similarly remarkable SNe accompanying the high-energy burst. For example, SN 2003lw/GRB031203 was found to be best described by an explosion with MNi∼ 0.55 M⊙, Mej∼ 13 M⊙ and EK∼ 60 × 10 51 ergs (Mazzali et al. 2006b ), and SN 2012bz/GRB120422A had MNi∼ 0.4 − 0.6 M⊙, Mej∼ 6 − 7 M⊙ and EK∼ 35 − 40 × 10 51 ergs (Melandri et al. 2012; Schulze et al. 2014) . Both these events would occupy similar regions to SNe 1998bw and 2005kz in the plots of Fig. 9 , populating the hypernova subset of SNe Ic-BL. Inclusion of such spectacular GRB-SNe would only serve to further distinguish them from 'normal' SE SNe and may begin to distinguish them from the more modest SN Ic-BL (see Cano 2013) . Walker et al. (2014) give explosion parameters for all SNe Ic-BL from the literature, including several that did not meet the selection criteria for this sample, as well as those found for a new object, PTF 10qts. Their collection of explosion parameters generally agrees with those presented here for overlapping events. Furthermore, the Mej values display a similar distribution to that seen here for all SE SNe (Fig. 7) , i.e. predominantly events with a few M⊙ of ejecta, and a small fraction displaying much larger Mej, indicative of higher ZAMS mass progenitors (Minit > ∼ 25 − 30 M⊙).
SUMMARY
A large sample of SE SN bolometric light curves has been made though the use of BCs presented in LBJ14. Peak bolometric absolute magnitudes range from −16.3 to −19.2 mag, with both luminosity extremes occupied by a SN Ib. ∆m 15,bol values range from 0.20 to 1.37 mag, with SNe Ic making up the extremes of this distribution. The possibility of a Phillips-type relation for GRB-SNe, suggested by Schulze et al. (2014) , is evident here for the SNe Ic-BL, with the exception of two events.
The bolometric light curves were modelled using an analytical prescription utilising the velocity of the photosphere at peak light. These results agree well with those found from more computationally and observationally expensive models, which suggests a future, large-scale deployment of this method is feasible. The extreme nature of SNe Ic-BL was evident from the modelling, with their MNi and EK values being statistically distinct from other SE SNe types. Conversely, the Mej values for SNe Ic-BL are very similar to those of SNe IIb, Ib and Ic, although 2 of the 8 SNe Ic-BL do display large Mej values (> 7 M⊙). When specifically comparing to SNe Ic in Mej (i.e. where Mej will be that of the CO core minus the mass locked in a compact remnant, although see discussion in Section 4.2), it appears the mass of the core does not play a major role in determining the presence of high velocity features, and this must be dictated by another property of the core (e.g. composition or angular momentum), which will initiate such high velocity features.
Mej values from all SN subtypes peak around 2-3 M⊙, this is inconsistent with massive single star models, which predict Mej values > 5 M⊙. Only 3 of the sample of 38 SNe could be considered compatible with having such massive progenitors. Conversely, the introduction of a dominant binary population of moderate mass progenitors (8 M⊙ ≤ Minit ≤ 20 M⊙) for SE SNe explains the Mej distributions extremely well. The lack of very low Mej values also agrees with He-star binary evolution modelling, in which these low mass systems instead become a white dwarf due to mass transfer, or retain a hydrogen envelope and as such would not explode as SE SNe. The lack of large Mej events is somewhat at odds from predictions of stellar models with a simple weighting from the IMF. Fall-back SNe or direct collapse to a black hole for very massive stars may alleviate this discrepancy by reducing the observability of the SNe of such stars.
The current small sample of GRB-SNe analysed here cannot be distinguished from SNe Ic-BL. SNe IIb, Ib and Ic are all similar in each of the explosion parameters analysed, with some indication that SNe IIb, the most homogeneous subtype in bolometric properties, are MNi deficient and have lower EK values compared to SNe Ib and Ic. The average MNi, Mej and EK values all follow the same sequence of increasing value of IIb → Ib → Ic → Ic-BL.
ACKNOWLEDGEMENTS
A peak-light spectrum of SN 2007uy and photometric data of iPTF13bvn were kindly provided by Rupak Roy and Christoffer Fremling, respectively. Philipp Podsiadlowski and Andrew Levan are thanked for helpful discussions and comments. This research has made use of the NASA/IPAC Extragalactic Database (NED) which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration. The Weizmann interactive supernova data repository (www.weizmann.ac.il/astrophysics/wiserep) was used to obtain SN spectra. This research has made use of the CfA Supernova Archive, which is funded in part by the National Science Foundation through grant AST 0907903. JDL acknowledges support from the UK Science and Technology Facilities Council (grant ID ST/I001719/1) and the Leverhulme Trust, as part of a Philip Leverhulme Prize award. This work was partly supported by the European Union FP7 programme through ERC grant number 320360. Table A1 shows the data for the template bolometric light curves of the various SN types shown in Fig. 3 . The phases are with respect to the peak of L bol and the median luminosity and standard deviation are given (as determined from the spread of luminosities of SNe that have data at that phase). 
